Pit latrines are the most commonly used sanitation systems in many developing countries. Various researchers have reported elevated nitrate concentrations in groundwater in the vicinity of pit latrines and this could pose a serious health risk to the users of the water source. Faecal sludge from pit latrines contains high concentrations of nitrogen and organic matter (3-5 g•ℓ −1 N and 20-50 g•ℓ −1 COD); however, it is produced at a very low rate (1.5 ℓ•capita
Introduction
About 18.4 million people in South Africa do not have access to proper sanitation systems, of which 6.7 million do not have any sanitation service at all (DWAF, 2009 ). The system recommended by government (DWAF, 1996) as a basic level of service for a household is the ventilated improved pit latrine (VIP). Ventilated improved pit systems which are poorly designed and operated, or where the soil characteristics are not favourable, can create a real danger of groundwater pollution. Most of the pollutants are normally bound in the soil matrix by a variety of chemical, physical and biological processes, preventing these from reaching the groundwater. Nitrate, however, is not bound and moves freely through the soil matrix to the groundwater (Fourie and Van Ryneveld, 1995) . Various researchers have confirmed that elevated nitrate concentrations occur in groundwater in the vicinity of pit latrines (Lewis et al., 1980) .
Nitrate is a health risk, especially for babies younger than 6 months, as it causes methaemoglobinaemia (also known as 'blue babies'). In adults it causes an irritation of the mucous membranes and is possibly also carcinogenic (Shuval and Gruener, 1977; Terblanche, 1991) . The recommended limit for nitrate in drinking water in South Africa is 6 mg•ℓ −1 as NO 3 -N (DWAF, 1993) .
According to the guidelines provided by DWAF (2002) , a VIP latrine should be designed to supply a service to households which consist of 6 persons. The hydraulic loading rate on a VIP system will be approx. 0.04 m , assuming that the pit serves a family of six and that the liquid contribution is 1.5 ℓ•capita −1
•d −1 (Geigy, 1962) . The majority of the total nitrogen excreted is in the form of urine, of which 84% consists of urea, approx. 13.2 g•d −1 (Geigy, 1962) . The pit of a VIP system contains a combination of fresh faecal matter and stored faecal sludge. The age of the sludge in the pit varies from a few days to several weeks. Thus, the composition of faecal sludge from pit latrines varies considerably. Typical faecal sludge from pit latrines and bucket systems contains 2 000-5 000 g•ℓ ). The organic content of urine and faeces is very high. Adult faeces and urine, according to Van Ryneveld and Fourie (1993) •d −1 for the mixture of urine and faeces (faecal sludge). Assuming that the concentration of the organic matter that will leach from a VIP system will be 17 g•ℓ −1 , the organic loading rate will be 0.4 kg•m −3
•d −1 BOD 5 . A basic VIP system only confines the waste and no real treatment takes place. Modifications to the basic system exist, where urine and faecal matter are separated. The faecal matter falls into the pit below, while the urine is diverted into a soakaway or collection pot. As the bulk of the nitrogen is in the urine, there is a need to treat either the urine or the liquid fraction of the faecal sludge, in order to ensure safe disposal of the leachate into the soil. A new modified VIP system is proposed, where actual treatment of the nitrogen fraction takes place, as the faecal sludge (faeces and urine) in the pit is allowed to leach into a biological filter. The filter is packed with stones. The vent pipe is fitted with an extractor fan (wind-driven 'whirlybird') to induce a draft through the filter. Thus, all of the liquid 282 that seeps from the top part of the pit is treated in the biological filter (Fig. 1) .
Biological filters have been proven to be an effective treatment option for the treatment of domestic wastewater. Nitrification and partial denitrification is achieved with these systems. However, should this well-known technology be incorporated in a VIP system, the parameters would be drastically different from a standard low-rate biological filter used for the treatment of domestic sewage. The hydraulic loading rates of standard rate biological filters are significantly higher, i.e. 1.2-3.5 m Barnes et al., 1981) . The TKN and COD concentrations, on the other hand, are significantly lower, i.e., approx. 60 mg•ℓ −1 N and 500 mg•ℓ −1 COD (Metcalf and Eddy, 2003) . Complete nitrification can usually be achieved. Normally denitrification is not achieved in biological filters but under certain operating conditions it can be done (Metcalf and Eddy, 2003) . The typical organic loading rate for combined carbon and nitrogen removal is 250-750 g•m •d −1 (Wates, Meiring & Barnard (Pty.) Ltd., 2002) .
Nitrification is the oxidation of ammonium to nitrate by specific autotrophic bacteria (Metcalf and Eddy, 2003) . Nitrifiers are obligate aerobic organisms. In biofilm processes this implies that the dissolved oxygen concentration in the bulk of the liquid should be high enough to ensure adequate diffusion into the biofilm. In the proposed modified VIP system, a draft of air will be mechanically induced by an extraction fan system (wind-driven 'whirlybird', Fig. 1 ). Thus, one of the critical design parameters will be to estimate the correct amount of air to be introduced for optimum oxidation of ammonium.
Nitrate removal by biological denitrification can also be achieved in a biological filter. Denitrification may start simultaneously with nitrification or after nitrification, as nitrates are the electron acceptors for denitrification (Iwai and Kitao, 1994) . By contrast to nitrification, denitrification is an anaerobic process. As the biofilm becomes thicker, the inner layer becomes anaerobic and denitrification can occur (Iwai and Kitao, 1994) . The rate will also be determined by the availability of carbon (Nielson et al., 1990) . As nitrification normally occurs in the lower reaches of a biological filter, it is possible that the carbon will be exhausted and it is very likely that complete denitrification will not be feasible.
The aim of this investigation was to determine the optimum amount of air which should be supplied to the biological filter at the proposed hydraulic loading rate, and to evaluate the performance of the filter with regards to nitrogen removal.
Materials and methods

Biological filter set-up
The biological filter consisted of a PVC column, 150 mm in diameter and 1 500 mm in length. The filter was packed with stones, 10-20 mm in diameter. The synthetic waste medium was fed intermittently to the biological filter by means of a diaphragm dosing pump (Model: Alldos M205). The pump was controlled by an electronic timer, which switched the pump on for 30 s, every hour. The medium was distributed through micro-sprayers over the stones onto the biological filter. The average application rate was 640 mℓ (Fig. 2) . Air was supplied by means of a compressor (Model: Fini, 100) through a network of perforated perspex pipes. The air flow through the column was monitored with a rotameter (Model: Frank 123) (Fig. 2) .
The composition of the synthetic waste medium
Fresh medium was prepared daily. Primary settling tank effluent from a domestic wastewater treatment plant (COD was approx. 250 mg•ℓ disodium hydrogen phosphate. The phosphate salts were also used to ensure sufficient phosphorus to sustain unrestricted microbial growth in the biological filter.
Operational conditions in the biological filter
The biological filter was operated at an air supply rate of 1.0 m 3 •h −1 N for nearly 6 months. Thereafter, the air supply was stopped and the reactor was operated at zero air N a preliminary growth period was required to achieve steady state and at 2.0 m 3 •h −1 N major instability was experienced during the first 2 months of operation. When any operational parameters were changed the reactors were operated (under the new set of parameters) until steady-state conditions were obtained. Steady-state conditions were based on stable performance of the biological filter with regards to ammonium, nitrite and nitrate concentrations (3 to 4 weeks of comparable results) in the effluent.
Monitoring of the effluent composition
The pH (Orion Model 410A) of the eff luent from the biological filter, as well as the volume throughput, were determined daily in all of the trials. It was anticipated that the increased aeration rate (at 1 and 2 m 3 •h −1 N) would lead to evaporation and consequent concentration of the eff luent, and therefore the conductivities of the eff luent from these trials were also determined daily, using a Hach Sension 6 meter. The eff luents from the different trials were also analysed at least once a week for COD, TKN, nitrate, nitrite and ammonium, according to Standard Methods (APHA, 1995) .
High concentrations of nitrate and nitrite
Higher concentrations of nitrate and nitrite were determined with an ion chromatograph (76I Compact IC from Metrohm). A Metrosep A Supp 3 column (6.1005.320) was used. The sample loop was 20 μℓ and the flow rate through the column was 1.0 mℓ•min −1 with a mixture of 1.7 mM NaHCO 3 and 1.8 mM Na 2 CO 3 as eluents (APHA, 1995) .
Low concentrations of nitrate and nitrite
Lower concentrations of nitrate and nitrite were determined with colorimetric methods. The salycilate method was used for nitrate analyses (Miller and Wideman, 1955 ). An aliquot of the sample, treated with sodium salicylate, was evaporated on top of a water bath. The dried sample was re-suspended with concentrated sulphuric acid and diluted with distilled water before a 50% sodium hydroxide solution was added for colour development. Thereafter the sample was transferred, quantitatively, to a volumetric flash and the absorbance was read at a wavelength of 410 nm on a spectrophotometer (Hach model: DR2000). The concentration was determined with the aid of a calibration curve. The nitrite concentration was determined colourimetrically by addition of the colour developing agent, which consisted of a mixture of 2.5 g•ℓ −1 sulfanilamide, 25 mℓ•ℓ −1 of a 85% phosphoric acid solution and 0.25 g•ℓ −1 N-(-1-naphthyl)-etylene diamine dihydrochloride, to an aliquot of the sample. The absorbance was read at a wavelength of 543 nm. The concentration was determined with the aid of a calibration curve. A DR2000 spectrophotometer (Hach Co. Loveland CO) was used.
The ammonium concentration
The ammonium concentration was determined using the distillation method (APHA, 1995) . An aliquot of the sample was buffered with 25 mℓ of a solution that contained 9.5 g•ℓ −1 sodium tetraborate and 88 mℓ 0.1 N NaOH, treated with 30% NaOH to increase the pH value above 9. The sample was then distilled on a Kjeltec system 1002 distillation unit. The distillate was collected in 2% boric acid solution and titrated to end point with 0.02 N sulphuric acid.
TKN
For the TKN analysis an aliquot of the sample was first digested (Buchi) with 10 mℓ concentrated sulphuric acid and a TKN tablet (Merck) (potassium sulphate and cupric sulphate) at 360 C. The resultant ammonium was determined as mentioned before (APHA, 1995) .
COD
The COD concentration was determined according to the closed reflux, colourimetric method. An aliquot of the sample was treated with 1.5 mℓ digestion solution (which was a mixture of 10.216 g•ℓ −1 potassium dichloromate, 167 mℓ concentrated sulphuric acid and 33.3 g•ℓ −1 mercuric sulphate) and 3.5 mℓ concentrated sulphuric acid, and digested at 150°C for 2 h. After cooling, the absorbance of the samples was read at 600 nm using a spectrophotometer (Hach model: DR2000). The concentration was determined with the aid of a calibration curve (APHA, 1995) . All chemicals used were of analytical grade and obtained from major retailers.
Data analysis
The estimated interval of the mean (t-estimate) was calculated at 95% confidence level for the different parameters in the effluent, for the different trials, at steady-state conditions. Data Analysis Plus TM 2.12, an add-in for Microsoft Excel, was used to perform the data analysis. The results are reported as (where x is the estimated mean, σ is the standard deviation and n the number of samples (Keller and Warrack, 2000) ).
Results and discussion
Liquid loss from the reactors at different air supply rates
The average dosing rate of the reactor operated at 0 m . That represented a 21% loss in liquid. This loss of water was probably the result of evaporation. Even with no air supplied, there was probably a natural draft of air through the filter induced by the differences in air temperatures between the air in the filter and the ambient air (Wates, Meiring & Barnard (Pty.) Ltd., 2002) .
At an air supply rate of 0. ). These results confirm that a significant liquid loss took place and concentrated the effluent, at an air supply rate of 2.0 m 3 •h −1 N. The increase in conductivity was influenced by the increased concentration of the dissolved salts (ammonium and nitrate) in the effluent. The nitrate concentration was reduced considerably, from 1 085 ± 276 mg•ℓ −1 N before steady-state conditions to 35.2 ± 26.8 mg•ℓ −1 N at steady-state conditions, and consequently also resulted in a reduction of the conductivity (from an average of 20.7 ± 2.7 mS•cm −1 before steady-state conditions to 12.5 ± 1.3 mS•cm −1 after stable conditions were obtained).
The composition of the effluent from the reactor trials at the different air supply rates, with regards to nitrogen species
The concentration of the various nitrogen species and pH values at the different air supply rates are presented in Table 1 . Urea is enzymatically hydrolysed to form ammonium (Orhon and Artan, 1994) . Thus, the TKN in the effluent will mainly be in the form of ammonium. At all 4 air-supply rates the ammonium concentration in the effluent was significantly reduced within 7 days, from approximately 4 000 mg •h −1 N (low ammonium concentration compared to the other trials) could possibly be due to the fact that the biological filter was put into operation for the first time, using uncolonised rocks. Thus the high initial loss of nitrogen was probably due to physical processes and not accumulation by biomass, as biomass takes time to develop and nitrifying organisms are known to be slow growers (Metcalf and Eddy, 2003) . The initial rapid removal of nitrogen in the newlypacked biological filter was most likely due to the adsorption of the ammonium ions onto the stones and the newly formed biomass. It is well known that ammonium (NH 4 + ) adsorbs to various organic and inorganic compounds like soil particles (Lance, 1972; Nishantha Fernando et al., 2005) . Wik (1999) observed ammonium adsorption and desorption in nitrifying trickling filters and Nielsen (1996) confirmed that ammonium also adsorbs to activated sludge flocs.
The hydrolysis of urea proceeds according to the equation below (Orhon and Artan, 1994):
The production of hydroxyl ions will increase the pH of the liquid. However, initially the pH only increased slightly (from pH 7 to pH 7.5; Fig. 3 shows the change in the composition of the liquid from the middle of the biological filter operated at 1 m 3
•h −1 N), which indicates that ammonium ions were probably exchanged with hydrogen ions, which kept the pH nearly constant until the full exchange capacity of the filter was reached and the pH increased as the ammonium concentration in the liquid increased. The biological filter showed a breakthrough of ammonium and an increased pH value, after 61 days; thereafter, the ammonium concentration remained lower than 500 mg•ℓ −1 N (Fig. 3) . Similar conclusions were made by McNevin and Barford (2001) when they examined the relationship between the adsorption of ammonium and pH on peat moss and found that the pH remained constant. They postulated that ammonium ions from the feed were replaced by hydrogen ions from the peat moss.
Once a proper biomass was established ammonium was probably removed by a combination of processes, namely, volatilization, assimilation into the biomass and biological nitrification. Although volatilization of ammonia could possibly occur in the system, the contribution to the removal of ammonia was probably not significant as air stripping of ammonia only occurs at pH values above 9.5 (Metcalf and Eddy, 2003) , and the pH values in all the trials varied between 7.5 and 9.0. 
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Some of the ammonium was also used for the assimilation of biomass. Microorganisms require nitrogen for growth. Heterotrophic organisms which grow on domestic wastewater require carbon, nitrogen and phosphorus (expressed as BOD 5 :N:P) in a ratio of 100:5:1 (Orhon and Artan, 1994). However, the biomass yield for aerobic heterotrophic growth on pure glucose (used in this study) is higher than it is for growth on domestic wastewater. (Orhon and Artan, 1994) . The nitrogen requirements can be calculated from stoichiometric reaction equations developed by using the concept of half-reactions (Grady and Lim, 1980; Orhon and Artan, 1994) . For heterotrophic, aerobic growth with glucose as carbon source and electron donor, the 3 halfreactions will be: (2) (3) (4) Thus, for glucose, where Y NH = 0.79 e -. e biomass/ e -. e substrate, the overall stoichiometric reaction equation for bacterial growth is: (5) where:
R 0 = The overall stoichiometric reaction R d = Reaction for electron donor R c = Reaction for bacterial cell synthesis R a = Reaction for electron acceptor By applying Eq. (4) the amount of ammonium required per e -. e substrate (expressed as N) can be calculated as follows: (6) As 1 e -. e substrate is equivalent to 8 g COD (Orhon and Artan, 1994) (7) The synthetic feed-water contained 16 g•ℓ −1 glucose (a theoretical COD value of 17.1 g•ℓ −1 ), which was used to determine the mass of the COD load on the system. The total COD concentration in the effluent was determined and not residual glucose. It is known that the total COD in the effluent from the biological filter will contain sloughed biomass, residual glucose and microbial waste products (Metcalf and Eddy, 2003) . The COD left in the effluent would therefore not solely be glucose. However, should it be assumed that glucose comprised 100% of the total COD in the effluent, the amount of nitrogen that would be assimilated by biomass could be calculated. From the effluent COD concentrations, the mass of COD removed was determined (Table 2 ) and the amount of nitrogen that would be required for biomass production was calculated based on the COD/N ratio obtained above (COD/N = 14.47). It is evident that at least 27% of the applied nitrogen was used for growth by the bacteria. This percentage is probably higher as glucose is not the only contributor to the effluent COD.
Nitrification occurred in the biological filters at all the air supply rates. The low hydraulic loading rate and the intermittent dosing rate possibly left enough void space to provide oxygen for nitrification even where no air was supplied. However, the nitrification was limited and incomplete, as can be seen in the high nitrite concentrations in the trial where no air was supplied (387 ± 167 mg•ℓ −1 N) compared to the higher air supply rates in the other trials (at 1 m N). These results were confirmed when the mass loads were calculated to compare the results (Fig. 4) . Because of the liquid loss and the resulting concentrating effect on the various nitrogen species in the different effluents, the mass loads (mg•d (Fig. 4) . From the results in Fig. 4 , it is evident that even if a natural draft exists in the reactor with no air supplied, this was not sufficient for satisfactory nitrification to occur. The trial at an air supply rate of 1 mg•d −1 N gave the best performance overall and was more stable, although complete oxidation of ammonium was also not obtained. The trial supplied with 2.0 m 3 •h −1 N was initially very unstable (probably due to the concentration effect of the high air draft through the biological filter and desiccation of the biomass), but after 68 days of operation it became stable and produced •h −1 N, respectively (Fig. 5) . These results are in accordance with that found by Turk and Mavinic (1989) and Balmelte et al. (1992) . They found nitrite built-up at low dissolved oxygen concentrations in various processes. More recently, Bernet et al. (2001) achieved nitrite accumulation in a completely stirred biofilm reactor when the dissolved oxygen concentration was less than 0.5 mg•ℓ •h −1 N was 71 ± 3%, compared to the 51 ± 4% at zero air supply (Fig. 7) . At an air supply rate of 1.0 m •h −1 N was 94.5 ± 1.4% and 90.3 ± 2.1%, respectively (Fig. 7 ).
An unexpected observation was the high denitrification rates at the higher air supply rates. It is evident from the literature (Ekama et al., 1984) that the presence of dissolved oxygen is one of the limiting factors influencing denitrification. However, denitrification can take place in a biological filter even if there is high dissolved oxygen present in the bulk of the liquid, as long as the biofilm is thicker than 200 µm, as oxygen can only penetrate the upper 100-200 µm of a biofilm (Biesterfield et al., 2003) .
Usually the availability of biodegradable COD in the lower parts of a biological filter is limited. The rate of denitrification in a biofilm process is influenced by the rate of movement of nutrients in and out of the biofilms (Grady and Lim, 1980) . COD:N > 4.5 mg COD:mg NO 3 -N is required to obtain more than 90% removal of nitrogen (Grady and Lim, 1980) . Orhon and Artan (1994) showed that a COD:NO 3 ratio of 4.8 is required for denitrification in an anoxic, activated sludge reactor. The COD:NO 3 ratio in this investigation was 4.3, which was slightly lower than this.
The lack of denitrification in the trials operated at the low air supply levels was probably due to insufficient biomass in the lower reaches of the biological filters to sustain anaerobic conditions. Because of the high organic load, and the low air supply levels, most of the COD load would be metabolized anaerobically. Under anaerobic conditions much less biomass is formed (Grady and Lim, 1980) .
With this in mind the COD concentrations in the effluent of the trials operated at the various air supply rates were compared. The average COD concentrations of the trials operated at 0 and 0.3 m 287 respectively, about double the COD concentrations of the trials at the lower air supply rates. The higher COD concentrations in the effluent at the higher air supply rates indicate more sloughed biomass, as COD in the effluent is mainly sloughed biomass, unbiodegradable COD (which was not present in the influent as glucose was the sole carbon source) and microbial waste products (Ekama et al, 1984) . These results support the assumption that the biomass was thick enough to maintain anaerobic conditions that could sustain denitrification.
Conclusion
A very rapid decrease in the nitrogen concentration was observed during the initial trial operated at 1 m 3
•h −1 N, possibly due to the adsorption of ammonium onto the newly formed biomass and the stones in the biological filter. As the ammonium desorbed it was removed by a combination of volatilization and nitrification processes. However, complete removal of ammonium was never observed. The lowest ammonium concentration was observed at 1 m N. At the lower air supply rates, nitrification was incomplete and high nitrite concentrations were observed in the effluent. Denitrification was nearly complete at the higher air supply rates, probably due to thicker biomass with which to provide anaerobic conditions. The reactor was the most stable at the 1 m 3
•h −1 N air supply rate and produced the best results. More than 90% removal of nitrogen was observed.
Currently there is no on-site treatment system that treats both the solid and the liquid part of sewage sludge from VIP systems. The results obtained from the biological filter proposed for use in the modified VIP system in this study show potential to reduce the nitrogen fraction of sewage sludge on-site. Even though the proposed components of the system are very basic, a complete cost analysis needs to be conducted to determine the economic feasibility of the proposed system. 
